A smartphone warning system is a feasible option to notify motorists about a safety threat and/or pedestrian crossings ahead. In this paper, a smartphone-based warning system was proposed to enhance workers' safety in work zones. Three different warning message systems, including sound, male voice and female voice, were designed to alert drivers. Twenty-four subjects were recruited for a total of ninety-six rounds driving simulator test in a work zone to investigate the impacts of smartphone-based warning messages on subjects' driving performance, in terms of driving speed, speed variation, acceleration, and brake reaction distance. The outcome showed that, with the assistance of the sound and voice (either female or male) warning messages, drivers could effectively reduce their accelerations and speeds. Meanwhile, such a warning system can induce subjects to shorten their brake reaction distances for worker crossings. All participants found that this warning system is applicable to enhance their defensive driving behaviors while driving through a work zone.
Introduction
The invention of the first automobile by Benz in 1886 [1] followed by Ford's improvement in 1908 [2] , enabled people's accessibility through roadway transportation all over the world. For years, significant development had been achieved in terms of the improved reliability, safety and performance of motorized vehicle. However, in both developing and developed countries, transport related human fatalities, economic loss and environmental impacts have increased staggeringly in recent decades. As a significant portion of the United States infrastructure reaches the end of its life cycle [3] , maintenance works have been undertaken all the time. Work zones are becoming more prevalent. The increasing number of crashes in work zones continues to draw attentions of current safety measures. It is calculated that road users approximately find an active work zone out of every hundred miles driven on the national highway system [4] . In 2010, there were 87,606 work zone crashes nationwide and 37,476 related injuries to drivers and workers. Unfortunately, on an average, there was one injury caused at every 14 minutes in 2010 [5] . Road construction workers are the most vulnerable due to the moving traffic in construction road zones. According to the United States Department of Transportation (USDOT), more than 20,000 people experience work-related injuries in road construction zones each year [6] . In the roadway construction worksites, the main causes of injury and death of workers are run-overs/back-overs (often by dump trucks), collisions between moving construction vehicles and equipment, caught in between or struck by objects [6] [7] . The majority of work zone crash related research identified the activity (work) area as the most hazardous crash location [8] [9] . [10] and [11] investigated that 70% and 80% of crashes, respectively occurred in the activity area. Existing studies in work zones are inadequate to capture the impacts of the great variability in lengths of each work zone component of different projects. However, whether or not the activity area is indeed the most unsafe element in a work zone, more advanced safety measures are warranted.
Speed is accounted as the number one contributing factor in work zone crashes. According to USDOT's reports in 2010, approximately 31% of work zone fatalities were attributed by over-speed [6] . Speeding in a work zone area is not only endangering drivers' lives but also putting the lives of roadside workers potentially at risk by operating their vehicles recklessly [12] . According to the Bureau of Labor Statistics and US Federal Highway Administration (FHWA) reports, about 101 to 133 workers were killed in road construction sites between 2008 and 2013. Texas ranked as the State with the most worker deaths in work zones [7] [13] .
Intelligent Transportation System (ITS) based Vehicle-to-Infrastructure (V2I) and Connected Vehicle (V2V) technologies have been proposed and tested in various hazardous situations in simulation environments as well on real roads [14] - [19] . The results were promising. Meanwhile, it is found that the technologies could also minimize vehicle emissions in practice [20] - [23] . Estimates, however, are that these mature technologies will be available around 2017 [24] . Current technologies are challenging the applicability and costs of such on-board warning systems [25] . A smartphone-based warning system could be another promising tool to provide drivers with warning messages in the activity area of a work zone to be aware of possible worker's crossings.
The research objective of this paper is to investigate how the smartphone based warring messages, including sound, male and female voice warning, influenced rivers' driving behaviors, thereby enhance the safety of workers in the activity area of work zones. This includes finding out the best message options from a smartphone based on driving behaviors in the activity area of a work zone.
Vehicle to Infrastructure Communication Strategy to Improve Traffic Safety
To enhance the safety in work zones, previous studies focused on the proper use of traffic control devices, work activity scheduling, and personnel training [26] . Recently, a significant amount of research has made efforts in a wireless communication in a work zone as a supplement for the conventional traffic control devices. Li, Qiao, and Yu proposed and tested a Pedestrian-to-Infrastructure (P2I) wireless communication system in a simulated work zone, where a pedestrian crossed suddenly. They found that the P2I system was able to induce drivers to slow down their driving speeds in the work zone, thereby gaining sufficient time to react to the pedestrian's crossing from the activity area smoothly [27] . Liao examined a smartphone application equipped with GPS and Bluetooth technologies, which generated vibrations with an audible message to notify visually impaired pedestrians about the presence of the oncoming work zone [28] . In fact, a well-designed wireless communication system is able to improve drivers' driving behaviors in a work zone, in terms of lane change distance, lane change time, and brake distance for a hazardous situation [29] . The wireless communication system is achieved by using a 5.9 GHz Dedicated Short-Range Communications (DSRC) technology, which is similar to the Wi-Fi that offers a link between a vehicle and another vehicle (V2V), and a vehicle and the approaching infrastructure (V2I) [30] . Such a wireless communication is dedicated to improve drivers' awareness of dynamic traffic situations, thereby preventing crashes from occurring.
Proposed Smartphone-Based Worker Warning Message System
In this research, a smartphone-based Safe Worker to Driver (SWD) App was developed to deliver warning messages to drivers via a smartphone. Such a developed system is an Android-based application that can be easily downloaded to any compatible smartphone in the current global market. This system was created with the help of the Massachusetts Institute of Technology (MIT) App Inventor, which is a cloud-based tool so that anyone might be able to develop desired Apps via these open-source web application originally provided by Google [31] . The App Inventor service for general public access was launched by the MIT Center for mobile learning in the first quarter of 2012 [32] . To create an app, it is recommended that creator Android Device and Developing Computer are connected to the same Local Area Network (LAN). A conceptual framework of this research to transfer work zone messages to drivers is shown in Figure 1 .
In this study, the smartphone is pre-installed an application that can detect if a work zone is approaching based on the geo-location positions of the phone and mobility of the objects, such as vehicles and pedestrians on roads. A warning message in the form of a deep tone or an audio phrase will be triggered to alert drivers once the geo-location and driving direction of motorist matches. The communication between driver's smartphone and a cloud-based ITS management server could be maintained by a Wi-Fi, a phone network system or a DSRC system. A pool of warning messages could be used for the app and downloadable for drivers. In this study, three types of warning messages (Sound, Male Voice, and Female Voice) were prepared during test runs to determine their comparative effectiveness. A detected range of 80 m Wi-Fi communication system was assumed to use throughout the study. This means when the subject vehicle is within 80 m to the spot, where a worker crosses, a designed warning message will be provided to the subject and the worker simultaneously. In this way, the communication between the subject and the worker is built up, so that they are able to react properly to avoid a conflict situation.
Driving Simulator Test

Test Design
A driving simulator test was designed, the test views of which are shown in Figure 2 . This simulator has comprised with advanced features of real automobile cabins, such as seats, a windshield, complete dashboard, steering wheel, braking and acceleration systems. Subjects drove this simulator as a real-time automobile and their driving behaviors were recorded at sampling of 60 Hz, including acceleration, braking, velocity and braking, gear, lane position, collision velocity, and angle on a real-time basis. The layout of the urban road work zone in the test was created on the basis of the Manual on Uniform Traffic Control Devices (MUTCD) with the right lane closed [33] . The path of the urban roadway was designed in a way that participants only drove through a straight path with no stops. An advance warning area is comprised of three parts: Part A (Construction Ahead), Part B (Speed Limit) and Part C (Right/Left lane closed). In this test, the urban road speed limit of 64 km/h (40 mph) was designed. The advance warning area started at the position 1351 m and ended at 1672 m (Figure 3) . Designed messages were to advise driver to change their lane if any redirection is necessary.
The transition area of the work zone starts immediately after the advance warning area, starting from the position 1672 m to 1727 m. The activity area is the region where actual roadwork activities take place. In Figure 3 , the activity area started from 1727 m and ended at 1847 m. A buffer space was considered 60 m (200 ft) and a work space 60 m. The termination area was from 1847 m to 2030 m.
Participants
A total of 24 participants (12 female and 12 male) with valid driver's license were recruited following the demographics distribution in Houston from 2010 census data illustrated in Table 1 [34] , regarding gender, age, and education components. The distribution of recruited age groups was adjusted based on the total adult drivers (18 years old above) from the census data, therefore 86% of participants is from the group of 18 -64 and 14% from 65 plus.
Testing Process
In this test, a scenario vehicle was stopped on the left lane and a subject vehicle started from the position of 780 m. Subject vehicles were requested to accelerate to meet and follow the posted speed limit of 48 km/h (30 mph) strictly, then they might encounter two critical situations. The first one was on the adjacent left lane, where a scenario vehicle stopped near the merging position (1565 m). Another one was that, while the subject vehicle was close to the activity area, a worker stepped out from the position of 1831 m with a speed of 3.2 km/h (0.89 m/s or 2 mph) within the activity area of the work zone. A total of four scenarios were examined with a road length of 2030 m. In Figure 3 , the subject was notified by a message via either a sound, male voice or female voice that lasted for one second. A warning message was designed to prompt when a subject vehicle was at the distance of 74.41 m away to the point of 1831 m (the worker stepped out). In other words, subject vehicles received the warning message at the point of 1756.59 m (1831 -74.41) if they followed the speed limit strictly. Each participant was instructed under four scenarios as are illustrated in Table 2 .
Messages of the three scenarios were randomized for this test except for the base scenario. There were exactly six sequences in this test followed by three combinations. For the best results, these six sequences were repeated ( Table 3) four times. This test lasted for 10 minutes followed by a questionnaire survey on the subjective feelings of test experience. 
Results and Discussion
Safety Performance Measure
The driving performances from the twenty-four participants in all scenarios were analyzed based on the data recorded from the simulator. Four measures of effectiveness (MOE) were examined, including: speed profile, speed variations, acceleration, and braking distance.
Speed Profile
Improper speed is one of the major causes of conflicts in an activity area. Figure 4 gives an overview of subjects' speed profile in the four scenarios. It is shown that until the warning messages were provided at position 1756 m, little differences were observed among scenarios. After receiving a voice warning message (in the scenarios with male voice and female voice in green and purple lines, respectively), subjects speeds decreased sharply from the position 1773 m to 1814 m, until reaching the gap of 20 m with the crossing worker. For the scenario with sound warning (the red line), the speed profile gradually decreased first, then sharply dropped from the position 1779 m to 1815 m, which is very close to the worker. For all these three scenarios (male, female, and sound), the speeds all declined from 60 km/h to 30 km/h. However, the speeds for the base scenario dropped from 60 km/h to 45 km/h, only from 1794 m to 1831 m (37 m). This implied that, without the smartphone warning messages, participants might drive at relatively higher speeds when reaching the conflict area with the crossing worker. Among the three warning messages, the male and female messages resulted in better effects on driving speeds.
Speed Variations
The distribution of speed could be another important indicator for the effectiveness of the designed messages. The position 1811 m was 20 m back from the worker's crossing point 1831 m. The speed distribution of subject vehicle is shown in Figure 5 , where the speeds in the base scenario varied from the bin 10 -20 km/h to 60 -70 km/h, while the speeds for other scenarios varied until the bin 40 -50 km/h.
The speeds for sound scenario (the red column) were approximately 35% at the very low speed bin 10 -20 km/h, but less than 10% in the relatively high speed bin 40 -50 km/h. The similar phenomenon could be found for the scenarios of male and female messages. This means most of the subjects reduced their speeds at position 1811 m when approaching the crossing worker.
Acceleration/Deceleration
Acceleration (deceleration) is a realistic performance measure as it reflects the reactions of drivers to a scene and/or message. The shadowed oval area in Figure 6 , from 1756 m to 1830 m, depicted the accelerations when approaching the worker's crossing segment for all scenarios. In Figure 6 , the decelerations for all three study scenarios (sound, male, and female) started earlier than the base scenario (the blue curve), approximately decelerated from position 1773 m and accelerated from position 1815 m. However, the deceleration rates for the base decelerated later and last until the locations which were very close to worker's crossing position (1831 m).
Brake Distance
The brake distance is defined as the distance to a conflict point when the drivers first applied a brake, which is an important parameter to indicate subjects' reaction distance to a hazardous situation. The mean brake distances in the four scenarios are shown in Figure 7 . The brake distance in the base scenario is the shortest with 37.28, which is shorter than others by 12.45 m in the sound warning scenario, 20.11 m in the male warning scenario, and 19.59 m in the female warning scenario. It seems that subjects reacted to the situation earlier in the scenario with voice messages.
Posterior Questionnaire Survey
The posterior questionnaire survey results expressed that, eighty-five percent of the test participants felt that the smartphone message would enhance their defensive driving behaviors in work zones. Eighty percent of the participants were interested in the installation of this app in their smartphone. Seventy-five percent of the participants did not feel that the audio instruction/warning increased their workload. Throughout the test process, the smartphone warnings helped approximately 60% participants, in addition to the traffic signs. The highest percentage of participants (about 50%) liked the female voice message, 40% participants preferred the male voice message, whereas only 10% chosen the sound warning. This survey results were consistent with the measured performances stated in the previous sections. 
Conclusion
In this paper, three types of smartphone-based warning messages were tested by 24 participants in the activity area of a simulated work zone, in which a worker crossed suddenly, including sound, male voice and female voice. Results showed that participants drove slowly with less variation in the scenarios with the voice warning messages. Additionally, the sound and voices messages were able to guide participants to decelerate earlier when driving through the work zone. Among the three message scenarios, the participants started to decelerate earlier than in the base scenario. Further, in the scenario with the voice warning messages (male and female), participants reacted earlier to the hazardous situation, a worker's crossing. The results from the posterior questionnaire demonstrated that 85% of the participants felt that the smartphone message would improve their defensive driving behaviors in work zones.
